The recombination of thiocyanate anion radicals, (SCN)~-, formed pulse radiolytically within the water pools of reverse micelles stabilized with anionic AOT and nonionic Igepal surfactants, was proved as an indicator reaction to study intermicellar exchange. It was found that the exchange process is slower in Igepal than in AOT reverse micelles with the same water to surfactant ratio. The apparent activation enthalpy and entropy of the exchange process were determined in different alkanes. For the AOT and Igepal reverse micelles the activation parameters increase with the droplet size, but for the AOT systems they do not significantly change with the increase of droplet concentration. For non-percolated systems the activation parameters for Igepal reverse micelles approach those for AOT reverse micelles. This result supports existing suggestions that the mechanism of intermicellar exchange does not differ in principle between reverse micelles stabilized with ionic and nonionic surfactants.
may lead to a chemical reaction between substrates located within diflbrent droplets and the latter to a dramatic increase in the conductivity of the reverse micellar system. An understanding of both phenomena may shed more light on the mechanism of interdroplet interactions, on the transport of ions in microemulsions and also in cells, on drug delivery systems, and on inorganic nanoparticle synthesis.
Experimentally, these phenomena can be studied kinetically with such indicator reactions as metal complex formation (ET) [1, 2] or fluorescence/phosphorescence quenching (FQ) [3 6 ], using time-resolved electric birefringence [7, 8] , or, most straightforwardly, using conductometric measurements [1, 9 12] . Diflbrent mechanisms for material exchange have been proposed: either hopping from one droplet to another via water channels formed when micelles collide [1, 2] or during transient fusion and temporary merging of micelles [5, 13] . The latter mechanism is rather slow and is expected to show high activation energy, as it requires significant rearrangement of micellar walls.
In our previous paper [14] we have used the recombination of thiocyanate radical anions, (SCN)~-, produced upon pulse radiolysis within the water core of a reverse micelle, as an indicator reaction:
Subscript RM denotes, that the reagents are present exclusively within the reverse micelles. We have calculated that, under our experimental conditions, the probability of formation of two or more radical anions in one droplet is very low and, hence, the reaction has to proceed via intermicellar material exchange. The decay of (SCN)~ -~ was observed spectrophotometrically at 480 nm [15] . The good fit of the obtained kinetic curves with equation (2) proved two parallel second-order reactions:
1+ 1+ s s
In the above equation A is the total absorbance; A1, A2 and kl, k2 are the amplitudes and rate constants for the fast and slow component, respectively; A~ is the absorbance at long times (close to 0 in most cases), and c is the molar absorbance coefficient of Note that kl and k2 are calculated per one mole of recombining radical species. In the AOT system the fast component, kl, has been ascribed to the reaction of radical anions with AOT radicals formed upon irradiation and the slow one, k2, has been ascribed to the recombination reaction of thiocyanate anion radicals in process (1) [14] . We were able to show that the rate of material exchange decreased either when the water to AOT molar ratio, w0, was increased at a constant AOT concentration, or when the AOT concentration at a constant w0 was increased. The material exchange rate also depended on the hydrocarbon used as a solvent.
Here we present the study of the influence of temperature on this process in reverse micelles of the anionic surfactant AOT (sodium bis(diethylhexyl) sulfosuccinate). We attempt to use a similar method to study systems with the nonionic surfactant Igepal CO-520 (nonylphenyl pentaethyleneglycolether, Igepal, IG) in different hydrocarbons.
We show that the values of the apparent activation enthalpy and activation entropy for the recombination of (SCN)~-anion radicals differ greatly from those measured for the same reaction in an aqueous solution. Further we discuss the observed changes of the apparent activation parameters with w0, and with the kind of oil, and we compare them with data published in the literature. Finally, we also present the characteristics of the Igepal reverse micelles as probed with a solvated electron.
Experimental Section
AOT (Sigma) was dried under vacuum over P205. Igepal CO-520 (Aldrich), n-Heptane, nHp (Fluh, puriss) and cyclohexane, cHx (Fluh, puriss) were used as received. Decalin cis-trans (Fluka, purum) was separated by column chromatography with freshly activated silica gel. NaSCN (POCh) was used as received. In some additional experiments other surfactants were used as received, i.e. nonionic Brij30 (dodecyl tetraethyleneglycolether) and Triton X-100 (octylphenyl decaethyleneglycolether) both from Aldrich. Ionic surfacrant NH4DEHP (ammonium bis(diethylhexyl) phosphate) was prepared according to the method described in [16] . Water from MilliQ Plus (Millipore) was used throughout.
The pulse radiolysis system with fast optical absorption detection installed at the Institute of Applied Radiation Chemistry has been described elsewhere [17] . In short, electron pulses from LINAC (linear electron accelerator) were directed to the sample placed in 1 cm Suprasil-quartz cell. The analyzing light directed perpendicularly to the electron beam was directed through an optical system consisting of lenses, mirrors and monochromator to the photomultiplier. Then the electric signal was sent via a backingoff system (DC-offset remover with DC value conversion) to the digital oscilloscope. The whole system including data acquisition operated under PC-computer control. Appropriate optical cut-off filters were used when necessary. The registered absorbance signals ranged from 0.1 down to 0.005. Every experimental point presented in this paper is an average of at least three independent measurements and the estimated accuracy is • %r the rate constant values, and • %r the apparent activation parameters. For the studies of solvated electrons 17 ns pulses delivering the dose of 60• were applied and the samples were saturated with inert nitrogen gas. For the studies of the exchange process 1 /ts pulses delivering the dose of 250• Gy were applied, and the samples were saturated with N20, an electron scavenger.
The sample temperature was controlled with a water flow from a thermostat and maintained with an accuracy •176
Reverse micelles of the desired composition were prepared as %llows. The calculated volumes of water and the stock solution of a surfactant in an alhne (usually 0.2M %r IG or 0.5M %r AOT) were added to a volumetric flask. It was then made up with an appropriate amount of an alhne (oil). After vigorous shaking the obtained solution became clear. The NaSCN concentrations are given with respect to the aqueous phase, and the surfactant concentrations with respect to the oil phase.
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3 Results and discussion
Probing Igepal reverse nlicelles with a solvated electron
The reverse rnicellar systems stabilized with Igepal had to be prepared in cyclohexane or decalin as its aggregates %rrned in n-heptane did not acquire enough water. For IG/cHx reverse micelles at w0 0 no spectrum of solvated electron can be seen~ in contrast with microemulsions made with another nonionic surfactant~ Brij30 [18] . This may be due to the benzene ring connecting the hydrophobic alkane chain with the hydrophilic polyoxyethylene chain in the Igepal rnolecule~ but absent in Brij30 molecule. It is well known that compounds having an aromatic ring are electron scavengers rather than stabilizers. One can hardly expect such a molecule to %rm an environment capable of solvating an electron.
It is commonly accepted that in AOT/alkane reverse micelles at water loadings below w0 10~ all the water molecules are engaged in the hydration of counter-ions and hence cannot hydrate electrons [20 and re%fences therein[. We expected~ however~ that in reverse micellar systems stabilized with nonionic surfactants one might observe e{q at much lower water ]oadings. Indeed~ the spectral characteristics indicating hydrated electrons can be seen in the IG/cHx/water system with water ]oadings as low as w0 5 (Fig. 1) .
The shape and t~x of its spectrurn~ however~ do not significm~tly differ from those obtained at w0 20. Both are peaking above 700 nm suggesting strongly that environment is similar to that in big (w0 > 40) AOT reverse micelles or even to that of bulk water. This can be explained taking into account~ that Igepal %rrns much bigger micelles than ionic AOT [19] . We should remind here that in AOT reverse micellar with w0 10 the spectrum of hydrated electron peaks around 680 nm and its A~x shifts towards value typical for water with increasing w0~ i.e. with increasing droplet size [20~ 21]. In NH4DEHP reverse rnicelles~ however~ the eSq spectrum shows %atures approaching those %r bulk water environment already %r w0 10 (spectra not shown). This surfactant is also known to %rm bigger micelles than AOT [16] . Figure 1 shows also the absorption spectrum of hydrated electrons in reverse micelles stabilized with the mixture of ionic AOT and nonionic Brij30 at a molar ratio 1.5:1 [18] . Similarly to the reverse micelles %rmed by AOT alone~ the spectrum is slightly shifted toward shorter wavelengths. Comparison with eSq spectra in Igepal reverse micelles confirms our earlier expectations that nonionic surfactants do not influence the hydrated electron spectra as much as the anionic AOT does. Note~ however~ an additional absorption band appearing below 500 nm in the Igepal microemulsions ( Fig. 1) but not present in Brij30 or AOT/Brij30 reverse micelles. As this band does not develop with the electron decay and is also present in N20 saturated systems (see below)~ we suppose that it might be connected with the product of "OH-attack on the aromatic ring of the surfactm~t molecule. All of this shows that the different behaviour of Igepal and AOT reverse micelles should be carefully taken into account when interpreting the kinetic results %r micellar exchange.
Before the recombination of thiocyanate radical anions could be applied as an indicator reaction in Igepal reverse micelles, we had to check whether or not the thiocyanate radical anion reacts with nonionic surfactant molecules. N20 saturated water solution containing 1 mM Triton X-100 (Critical Micelle Concentration CMC 0.23 mM [22] ) and 100 mM KSCN was pulse radiolysed. Triton was used instead of Igepal because of the very poor water solubility of the latter. Chemically both molecules are analogues. The concentrations had been chosen so that micelles formed and the thiocyanate, being in excess, scavenged practically all OH radicals. It was found that the decay of radical anions is slightly, but noticeably accelerated in the presence of Triton, which was not the case in the presence of AOT. Figure 2 presents absorption spectra peaking at 450 nm and 480 nm observed after a 1 its pulse delivered to the system 0.1 M IG/cHx/water at w0 10 without NaSCN and in its presence, respectively. The band observed in the absence of NaSCN decays completely within 10 its while that ascribed to (SCN)~-" anion radicals needs almost 100 its to disappear.
If the absorption around 450 nm is ascribed to the product of OH attack on the phenyl ring, it should be lower or even eliminated in the presence of NaSCN, which competes with phenyl for reaction with hydroxyl radicals. Indeed, the band peaking at 480 nm decays homogeneously, which indicates that one is dealing with one decay species only under these conditions, namely thiocyanate radical. Thus the analysis of the decay curves at 480 nm in Igepal systems using equation (2) gives a picture similar to that in AOT microemulsions, with two components ascribed respectively to the reaction of (SCN)~-with surfactant radicals taking place within the micelles (fast part of the decay), and to the recombination of (SCN)~-" via exchange (slow part of the decay). Figure 3 shows that the contribution of the slower component (amplitude A2) of the decay, measured at 480 nm in AOT reverse micelles containing thiocyanate, increases when the temperature increases. This is what one would expect from an exchange process which is obviously enhanced by the increase of attractive interactions between the droplets and by the formation of clusters of droplets. These changes are induced by increased temperature, leading to the percolation phenomenon [13] . For the Igepal reverse micelles the amplitude of the slower component, A2, shows an inverse temperature dependence in the range 300 280 K (Fig. 3) , which is in accordance with the fact that in nonionic micelles percolation is induced by decreasing temperature [8] . The different percolation behaviour may be accounted for by opposite temperature dependences of surfactant hydration for the nonionic surfactant as compared with ionic AOT [23] . Thus, for the nonionic Igepal reverse micelles the slower part of the observed decay may also be attributed to the exchange J.L. Gr / Central European Journal of Chemistry 2 (2) 2004 371 387 process. Hence, we will treat ]% as the measure of exchange rate and denote it as k~x. We determined the activation enthalpy and entropy of (SCN)~ -~ recombination process in a homogeneous water solution and found the following values: 9.5 kJ.mo1-1 and 35 J.mo1-1 K -1, respectively, in agreement with the published data [24] . The negative activation entropy is typical for the reaction between two species of like charge.
Probing intermicellar exchange with an indicator reaction. Temperature effect
The influence of temperature on ]~x in AOT and Igepal reverse micellar systems at different w0 is shown in Fig. 4 .
It is seen that the exchange rate constants decrease with the increase of droplet size (increasing w0) and with the increase of droplet concentration (increasing surfactant concentration). Both effects have been previously reported by us for AOT reverse micelles at 295 K [14] . It should be mentioned, however, that Fletcher et al [2] did not observe an influence of the AOT concentration on the exchange rate. For the reverse micelles made of Igepal the ]~ values are lower than those for the reverse micelles made of AOT at the same w0 (Fig. 4) . As previously mentioned, nonionic surfactants form much bigger aggregates than ionic ones [19] . The dependence of the exchange rate constants on the geometrical size of droplets might be indicative for water channel formation upon collisions between micelles [1, 2] . The lifetime of such channels would be too short for the ions to diffuse from the interior of big micelles. In the case of temporary merging of micelles there should be enough time for the diffusion of ions. Furthermore it seems very likely that the mechanism of the intermicellar material exchange should be independent of the ionic or nonionic character of the surfactant [8] .
In both, AOT and Igepal systems, k~ rate constants increase with temperature without an inflection point. In this respect these curves differ from those showing the dependence of conductivity of microemulsions on temperature [e.g. 4, 8] , where the inflection point is interpreted in terms of a percolation transition threshold. It seems that our experiments were carried out below and above the percolation transition temperatures, respectively, for AOT and Igepal systems. Indeed, it has been shown that introducing salts into AOT reverse micelles shifts the percolation to higher temperatures [25] . The effect is as high as 494 ~ 9 M -1 for KC1 and may well be of the same order for NaSCN used in our experiments. The same authors [25] suggested that for nonionic Igepal systems this temperature effect is reversed, i.e. the percolation threshold appears at lower temperature upon introducing salt into the droplets.
The Eyring equation relates the rate constant to the free enthalpy of activation:
Here kB denotes Boltzmann's constant, [~ denotes Planck's constant and 1C*, AH*, and AS'* are free enthalpy of activation, enthalpy of activation, and entropy of activation, respectively. After dividing by the temperature, T, and taking a logarithm the equation (3) can be rewritten as:
From the slope and interecept of the plot of in(k/T) vs 1/T one can calculate AS* and AH*, respectively. The plots drawn according to this equation are shown in Fig. 5 . The calculated activation parameters %r the exchange process are gathered in Table 1 %r AOT reverse micelles together with the values published by other authors.
The values of these parameters are much higher than those %r (SCN)2" recombination in homogeneous aqueous solutions, giving further evidence that the chemical reaction is not the rate-determining step of the observed decay of thiocyanate anion radicals in the reverse micellar systems. There are several possible processes influencing the rate of exchange, like diffusion of aggregates in the oil solvent, reorganization of the micellar walls upon collisions between them and formation of water channels or transport of reactants through the water channels. This is exhaustively discussed by Fletcher et al in their comprehensive analysis [2] . There%re the activation parameters should be treated as apparent ones. The apparent activation energies of intermicellar exchange in AOT reverse micelles in n-heptane, i-octane and decane estimated from the kinetic data published by Lang et al [6] are 94, 88 and 66 kJ/mole, respectively. It means that they decrease with increasing viscosity of the solvent. It seems, there%re, that the viscosity of the continuous oil phase is not the main factor influencing the intermicellar exchange process. Table 1 shows that our results are consistent with the earlier published data, at least qualitatively. Both activation parameters increase with the droplet size, but the entropy increases faster. This is consistent with the finding of Feldman et al [13] , that the change in the entropy is connected with morphological changes upon droplet encounter. It should be noted, however, that the activation parameters hardly change at all on going from 0.1 M up to 0.5 M AOT at w0 20, i.e. when the concentration of micelles becomes high enough to have clusters of droplets [5, 14] . The above observations suggest that the rate determining step in the exchange process is the reorganization of the micellar walls and that the same type of reorganization is needed when two individual micelles encounter or when two clusters encounter. Hence, it appears that the reverse micelles preserve their individual shape when they coalesce to %rm clusters of droplets. Changing heptane %r decalin slightly decreases the activation parameters. We might have expected the opposite effect, as the micellar walls in the latter solvent are supposed to be thicker with stacked AOT molecules [21, 26] .
The picture %r Igepal reverse micelles is less clear. The activation parameters estimated from the Eyring plots %r the rate constant of the exchange process in this system at w0 10 and 20 with nHx or decalin as solvents are gathered in Table 2 . In the case of nonionic Igepal reverse micelles there are many fewer literature data than %r AOT. Those available are included in Table 2 . For IG/cHx systems the apparent activation parameters increase on going from w0 10 to w0 20, showing higher values than in AOT/nHp system at the respective water to surfactant ratios. This is due to the bigger size of droplets stabilized with nonionic Igepal [16] .
For IG/decalin systems the apparent activation parameters also increase with increasing droplet size, but their values are significantly lower than those %r cyclohexane solvent.
For w0 10 the activation enthalpy is even slightly negative, AH* -5 k J/tool. Mays et al [4] obtained much more negative values for the activation enthalpies for Igepal systems (see Table 2 ), but they studied systems in the vicinity of the percolation transition threshold.
As earlier suggested, it is probable that under our experimental conditions, with relatively high ionic strength inside the water pools, the Igepal microemulsions are well above the temperature of the percolation transition.
The comparison of our results for ionic and nonionic reverse micellar systems allows the following conclusions. When the system is below (AOT systems) or above (IG systems) the temperature of the percolation transition, a similar type of micellar wall reorganization determines the rate of exchange in AOT and Igepal reverse micelles. The apparent activation parameters decrease on going from AOT/nHp or from IG/cHx systems to AOT/decalin or IG/decalin, respectively, confirming significant influence of the continuous phase on the structure of micellar walls [14, 21] .
Conclusions
Summing up we can say that, the recombination reaction of (SCN)~ -~ anion radicals provides a good probe of intermicellar exchange, giving activation parameters in qualitative agreement with other indicator reactions. The mechanism of the rate determining step of this exchange seems to be common for the ionic AOT and %r the nonionic Igepal surfactants, at least in non-percolated reverse micellar systems. The rate constant of the exchange observed %r the same w0 parameter is lower %r the reverse micelles stabilized with Igepal than %r those stabilized with AOT. The significant influence of the continuous phase on the micellar structure is confirmed. These results should help in better understanding any processes involving ion transport in microemulsions, such as percolation phenomena or inorganic nanoparticle synthesis.
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